Transition structures for additions to propene confirm the general preference for allylic bonds to be staggered with respect both to partially formed bonds and to the partially pyramidalized carbons undergoing attack.
During the last few years, my colleagues and I have undertaken the theoretical investigation of the factors which influence the stereoselectivities of organic reactions. Here, I would like to present a progress report on the interesting discoveries which we have made during that time.
The origin of asymmetric induction has been of continual interest, but theoretical attention on this subject is now unusually high, spurred by the considerable practical import that such processes have gained for the stereospecific synthesis of natural products. Various empirical models have been proposed to rationalize the preference for attack on the "top" or "bottom" of an alkene with diastereotopic faces.
Three common models of this type are summarized in These models differ by the choice of the conformation of the chiral center with respect to the center at which a new bond is being made, and by the positioning of large (L), medium (M), and small (5) allylic substituents on the chiral center. In the epoxidation of allylic alcohols, the hydrogen-bonding potential of the allylic hydroxyl substituent, rather than the size of the group, is frequently invoked to rationalize the preferred position of the hydroxyl group. The "X-eclipsed"(double-bond eclipsed) model is based on the assumption that a conformation similar to that of the isolated alkene or carbonyl is maintained in the transition structure 3,6a,8,1O The "R-eclipsed"(single-bond eclipsed) model incorporates a conformation which is an energy maximuji in the reactants 2,cb An intermediate geometry is assumed for the "perpendicular" model. Anh's calculations on model geometries for the transition structures for attack of nucleophiles on carbonyls,5 and ours for the attack of nucleophiles, radicals, and electrophiles on substituted alkenes13 indicate that allylic bonds are staggered with respect to partially formed bonds in the transition states of addition reactions. Such conformations also allow staggering of the partially pyramidalized carbon13 undergoing attack with respect to the allylic bonds. The arrangement of allylic bonds is dictated by the trajectory of the forming bond, indicating that the exact coflLformation of the chiral center in the transition structure varies for different reagents . ,15
Transition structures for reactions which are representative of nucleophilic, radical, and electrophilic additions to substituted alkenes were obtained by gradient searches with ab 277 B R-eclipsed X -eclipsed 278 K. N. HOUK initio calculations and the 3-21G basis set.1618 BH represents a mildly electrophilic species, the addition of the hydrogen atom to propene is an example of a radical addition, while hydride represents a nucleophile. The transition structures for the attack of H and at the substituted carbon of propene, and BH3 in both orientations are shown in Fig.  2 .17 The transition structures for the different types of attck are quite varied. This has important bearing on Baldwin's rules for ring closure,1 which are based upon the trajectories of attack on various types of bonds. In particular, the nucleophilic reagent attacks with a CC--H angle of 126°, somewhat larger than has been deduced previously for the attack of nucleophiles on carbonyls.U We have reported a similar trajectory for the attack of hydride on ethylene.2° Radical (H) attack is at a much less obtuse angle, while the mildly electrophilic borane B-C bond-forming process occurs at an acute angle. Other electrophi].es are expected to attack at an acute angle, via bridged intermediates.
The trajectories of attack are quite compatible with qualitative predictions of frontier molecular orbital theory.21 In particular, the attack of an electrophile at an acute X---CC angle may be attributed to the favorable interaction of the electrophile LUMO with the alkene HOMO, which is a bonding orbital.
This interaction is maximized when the electrophile LUMO approaches the center of the double bond, unless powerful unsymmetrical donor substitution makes the HOMO appreciably unsymmetrical. The obtuse angle of nucleophilic attack occurs in order to maximize interaction of the nucleophile HOMO with the alkene LUMO, and to minimize overlap of the nucleophile HOMO with the alkene HOMO. The radical attack occurs in a more nearly perpendicular fashion, since the interactions of the singly-occupied orbital of the radical with both the HOMO and the LUMO of the alkene are stabilizing. Radicals seek a compromise between maximization of overlap with the HOMO and with the LUMO.
Although the transition structure represents the highest energy point along the lowest energy transit from reactants to products, reactants are expected to select a variety of geometries if they are reasonably close in energy to the transition structure.19 We have carried out computations17 which show that for hydride attack, a 100 bend of the attack trajectory away from the ideal causes an increase in energy of about 1.4 kcal/mol, so that a reaction forced to go through such a trajectory would be 10 times slower than the ideal at room temperature.
For H', a 150 bend away from the ideal trajectory takes 1i kcal/mol.17 Theoretical studies of stereoselectivities of organic reactions 279 As suggested in the introduction, in each transition structure the methyl group has rotated into a conformation which is staggered with respect both to the partially formed bond, and to the partially pyramidalized carbon undergoing attack. The staggering is coupled to the direction of attack, so that the conformations of allylic substituents will be significantly different with respect to the alkene for nucleophiles, radicals, and electrophiles .
We have assessed the degree of preference of these staggered transition structures by computing the relative energies of other transition state conformations, at various computational levels.17 For each transition structure, the methyl rotational barrier is 2-4 kcal/mol. This is nearly as large as that in the final product, even though the partially formed bonds are quite long, and the carbon to which bonding occurs is only partially pyramidalized! About half of the methyl conformational preference is due to the pyramidalization of C-2 in the transition state, while the remainder arises from avoidance of eclipsing with the partially formed bonds. For hydride attack, the avoidance of eclipsing of allylic substituents with the partially formed bond is the dominant effect. We attribute these larger barriers to the especially pronounced closed-shell repulsion between allylic bonds and the partially formed bond from the electron-rich reagent to the alkene. Thus, the factors which cause ethane to be staggered are manifest even when bonds are relatively long and weak!
The preference for staggering of the allylic bonds with respect to the forming bond and the bonds to the partially pyramidalized carbon, is just that deduced in 1968 by Felkin for nucleophilic attack on carbonyls.4 In all of the structures shown in Fig. 2 , the allylic carbon hydrgen bond which is anti-periplanar to the partially formed bond is stretched by O.002-O.017A relative to the bonds to the other two hydrogens, but this hyperconjugative interaction22 is most likely insignificant compared to the obviously different steric requirements of the three allylic positions.
I would like to demonstrate the utility of these generalizations by describing applications to understanding of (a) the stereochemistry of hydroboration, (b) the origin of Huisgen's "factor x" and the exo stereoselectivity of additions to norbornenes, and (c) the stereochemistry of the SN2' reaction.
Kishi has devised model to rationalize the observed stereoselectivities of hydroborations of chiral alkenes. This is an "X-eclipsed" model, but for the hydroboration of propene, we calculate that this model transition structure is 1.3 kcal/mol higher in energy than the staggered transition structure shown in Fig. 2. Through computations, or by inspection of models, we can show that the position which is anti-periplanar to the partially formed bond is least crowded, the "outside" is the second least crowded, and the "inside" is most crowded. This leads to the general model shown at the right of Fig. 3 to rationalize the stereoselectivity that Kishi has observed for a variety of hydroborations. Our model and the Kishi model lead to the same rationalization of hydroboration stereochemistry.
It is interesting to compare this model or hydroboration to the Felkin-Anh model for nucleophilic attack on carbonyl compounds.
For the latter, the allylic position antiperiplanar to the attacking reagent is least crowded once again, but the relative steric requirements of "outside" and "inside" positions are opposite to those for hydroboration.
The trajectory of hydride attack makes the "outside" position more crowded than the H 280 K. N. HOUK "inside" because the "outside" position is sandwiched between the hydrogen attached to the carhonyl carbon and the attacking reagent. An increase in size of either of these groups should further crowd the 'outside" position. By contrast, the "inside" is most crowded for hydroboration, since a group here is trapped between the attacking reagent, the partial double-bond, and the breaking BH bond.
In all of the examples described so far, the alkene is acyclic and free to adopt whatever conformation is dictated by the attacking reagent.
However, in bicyclic systems, the conformations of allylic bonds are fixed by the skeleton of the molecule.
In general, attack which can occur staggered with respect to allylic bonds should be favored by 1-3 kcal/mol as compared to attack which must occur eclipsed with respect to allylic bonds. A particularly interesting application of this is in understanding stereoselectivity and reactivity of norbornene and related polycyclic molecules.
Huisgen has shown that the rates of reaction of norbornene with dienes and 1,3-dipoles are anomalously rapid. After estimating the amount of strain-relief acceleration that can be expected to be important, Huisgen concluded that a yet-to-be understood factor, named "factor x", was responsible for this rapid rate of reaction.23 We believe that this factor is the nearly ideal arrngement of allylic substituents on the exo face of norhornene, as demonstrated in Fig. The "extra bonds" placed on the Newman projections of three bicyclic alkenes correspond to the direction of bonding inferred from a transition structure for fulminic acid cycloadditions.25 Other 1,3-dipolar cycloadditions and Diels-Alder reactions reported by Huisgen should have similar bonding directions. Even without consideration of differences in strain release, it is clear that the attack on the exo face of norbornene, and on bicyclo[2.1.1]hexene should be facile, due to the nearly perfectly staggered arrangement of allylic bonds with respect to forming bonds, whereas the attack on the endo face of norbornene, or on bicyclo[2.2.2]octene should be less favorable due to the near eclipsing present in transition structures for cycloadditions.
In spite of the beauty of this explanation, we were concerned about the possibility that hyperconjugative electron-donation by the anti-periplanar 1,6 and )4,5 bonds of norbornene might be facilitating attack on this molecule.
However, Jiri Mareda suggested the following experimental test of our staggering theory and alternative hyperconjugative mechanisms.
According to a MM2 optimization, bicyclo[3.2.1]oct-6-ene has the ideal staggered arrangement of allylic bonds upon cycloaddition to the double bond. Our theory predicts that this molecule should be as reactive on the exo face as norbornene. On the other hand, this alkene is less strained than norbornene, and the 1,2 and 14,5t1 bonds do not hyperconjugate as well as the 1,6 and 4,5cY bonds of norbornene.
Strain and hyperconjugative theories would predict lower reactivity for the [3.2.1] system. Paul Mueller studied the cycloaddition of mesitonitrile oxide to bicyclo[3.2.1]oct-6-ene, and found that norbornene is only 1.3 times more reactive.2 We feel that this result is strong support for the staggering theory.
Finally let us turn to the stereochemistry of th 5N2' reaction, an interesting phenomenon which has been studied theoretically siany tiuies.° Of the two possible stereochemistries of reaction, the yj is usually preferred, in which the leaving group leaves from the same side of the plane of the allyl group as the nucleophile enters.
Although we have not Theoretical studies of stereoselectivities of organic reactions 281 obtained a transition structure for this reaction, we do have indirect evidence for the origin of the preference in this reaction. Fig. 5 shows the transition structure for the attack of hydride, a model nucleophile, on atom 1 of propene.
As described earlier, the alkene is trans bent in this transition structure, and as a result the methyl group rotates so as to become staggered with respect to the partially pyramidalized carbon-2.
One of the CH bonds has rotated into a conformation where it is more or less syn to the attacking hydride. This should be the position into which an electronegative atom (leaving group) will rotate,since this will maximize the overlap of the "partial lone-pair" at C-2 and the low-lying orbital of the leaving group.
Indirect information on this point can be obtained from calculations on radical anions, which resemble structurally the alkene portion of the SN2' transition state. Fig. 6 shows the radical anions of ethylene and allyl alcohol, obtained by ab initio calculations with the STO-3G basis by Michael N. Paddon-Row. Both species are highly trans bent, and the hydroxyl group, a model for a leaving group rotates ino the conformation shown.
Here, there is strong overlap of the orbital at C-2 and the CO orbital which leads eventually to scission of this bond. Even in this radical anion, the CO bond has been stretched substantially by this interaction. Thus, the y_S2' transition state is favored because (i) the alkene bends in a trans-fashion upon interaction with a nucleophile at C-i, (ii) the allylic bonds at C-3 rotate so as to become staggered with respect to the partially pyramidal C-2, and (iii) the allylic bond to the most electronegative group (the leaving group) rotates into the conformation to maximize stabilization of the transition state by anti-overlap of the orbital at C-2 with the CX orbital. 
